Objectives: Evaluation of GH response to ghrelin in patients with GH deficiency (GHD) may help to elucidate the site and mechanism of action of ghrelin. We aimed to investigate the GH-releasing effect of ghrelin in children and young adults with childhood-onset GHD. Design: All subjects underwent ghrelin testing and neuro-imaging examination. Magnetic resonance imaging evidenced the presence of a vascular pituitary stalk (VPS) or its complete absence (PSA). Patients and methods: Seventeen prepubertal children and nine adult patients with childhood-onset GHD were selected for the study. The children were enrolled at a median age of 5.8 years. The adult subjects were included at a median age of 23.3 years. The diagnosis of GHD in the adult patients had been established at a median age of 8.5 years. Ghrelin was administered at a dose of 1 mg/kg body weight, i.v. at time zero, and blood for GH determination was obtained at 0, 15, 30, 45, 60, 75, 90, 105 and 120 min. 
Introduction
Growth hormone (GH) secretion is regulated by the coordinated action of GH-releasing hormone (GHRH) and somatostatin (SRIH), which respectively stimulate and inhibit its release from the pituitary gland. The hypothalamic release of GHRH and SRIH is, in turn, under the regulation of a complex network of brain neurotransmitters and neuropeptides (1) . GH secretion is also under the influence of metabolic and hormonal signals from the periphery (including glucocorticoids, thyroid hormones and sex steroids) which may modulate somatotrope function either directly or via the hypothalamus. Furthermore, GH regulates its own secretion by a feedback mechanism either by a direct action or mediated by the insulin-like growth factors (IGFs) and possibly by other metabolic factors, such as free fatty acids, insulin and glucose (1) .
Another GH regulatory system has been explained from the observation that small synthetic molecules called GH secretagogs (GHSs) have a strong GH-releasing activity by acting on the GHS receptor (GHS-R; for review, see (2) ). The endogenous ligand of the GHS-R has recently been identified from the rat and human stomach and named ghrelin (3) . Ghrelin and its synthetic analogs stimulate GH secretion in animals and humans in a dosedependent manner and act synergistically with GHRH (4) (5) (6) . A number of studies have documented that the hypothalamus is their main site of action, and their mechanism(s) likely involve endogenous GHRH release as well as functional SRIH antagonistic activity (2) . Although an exact physiological role for the ghrelin and the GHS-R in the regulation of GH secretion and growth has not yet been clearly established, a recent report has shown a loss of constitutive activity of the GHS-R in subjects with familial short stature (7) . This might indicate that the role of the ghrelin system is crucial for maintaining normal GH secretion and hence normal growth.
We and other researchers have previously shown that the GH response to natural or synthetic GHS is reduced or absent in patients with hypothalamic-pituitary disconnection (8) (9) (10) . In another study, we confirmed that the integrity of hypothalamic-pituitary connections is essential for GHS to express its full GH-releasing activity, and we showed that synthetic GHSs are able to stimulate GH secretion in patients with GHD who have a residual vascular component of the pituitary stalk (11) . Likewise, the GH-releasing activity of the combined administration of GHRH plus arginine, reportedly recognized as a valuable diagnostic test in the diagnosis of GHD in adults and children, requires the integrity of hypothalamic-pituitary connections (12) (13) (14) . In order to gain further insight into the site and mechanism of ghrelin action, we evaluated the GH response to ghrelin in a group of subjects with GHD due to congenital anomalies in hypothalamic-pituitary connections.
Subjects and methods
Seventeen prepubertal children and nine adult patients with childhood-onset GHD were selected for the study. Their main characteristics are summarized in Tables 1  and 2 . The children (12 boys and 5 girls) were enrolled at the time of GHD diagnosis at a median age of 5.8 years (range 3.50-12.4 years). The adult subjects (five males and four females) were included in the study at the time of re-evaluation of GH status, at a median age of 23.3 years (range 16.7-25.4 years) after adult height achievement and within 6 months after GH withdrawal. The diagnosis of GHD in these latter patients had been established at a median age of 8.5 years (range 2.3-16.2 years).
The diagnosis of GHD during childhood was based on clinical grounds and a GH response of !10 mg/l to at least two stimulation tests (insulin-induced hypoglycemia (0.1 U/kg body weight, regular insulin i.v.), arginine, glucagon, L-dopa). In the adult patients, GH treatment had been discontinued when growth velocity during the preceding year had dropped to !1 cm. GH secretion was re-evaluated by means of an insulin tolerance test (ITT; 0.1 U/kg body weight, regular insulin i.v.) performed between 0800 and 0900 h following overnight fasting. A GH response to O5 mg/l was considered normal in young adults (15) .
Pituitary-thyroid function was evaluated by measuring serum FT 4 , FT 3 , and thyroid-stimulating hormone (TSH). Hypothyroidism was defined as low or low-normal serum TSH concentration and low serum FT 4 and FT 3 concentrations. Plasma adrenocorticotropic hormone (ACTH) and serum cortisol values were measured in all patients in the morning at presentation. ACTH deficiency was defined as either a morning serum cortisol concentration of !3.6 mg/dl (100 nmol/l) or a cortisol serum concentration !20 mg/dl (550 nmol/l) during ITT. Serum follicle-stimulating hormone (FSH) and luteinizing hormone (LH) were measured at baseline and after the i.v. administration of 100 mg gonadotropinreleasing hormone (GnRH) in patients with suspected hypogonadotropic hypogonadism. Hypogonadism was confirmed in both sexes by lack of puberty or arrested puberty and no/slight/normal increase in serum FSH or LH in response to GnRH. All hormone measurements were carried out by means of standard RIAs. Ultrasonography was used to identify female patients with a prepubertal uterus. Subjects with multiple pituitary hormone deficiencies (MPHD) were receiving conventional replacement therapy for their pituitary deficiencies: L-thyroxine 50-150 mg/day, hydrocortisone 10-20 mg/day in two to three separate doses, testosterone enanthate 150-250 mg intramuscularly every 2 or 3 weeks for males, and ethynil estradiol (first 21 days, 5-10 mg/day orally) or transdermal 17b-estradiol patches (25-50 mg) with medroxyprogesterone acetate (5-10 mg, days 12-21) for females.
Sagittal and coronal T1-weighted magnetic resonance imaging (MRI), obtained using 2-3 mm sections, revealed structural hypothalamic-pituitary abnormalities compatible with congenital GHD, such as anterior pituitary hypoplasia, ectopic posterior pituitary gland and pituitary stalk agenesis, in all subjects. MRI with the use of contrast medium revealed the presence of a thin vascular pituitary stalk (VPS) in eight children (two with MPHD and six with isolated GHD (IGHD)) and seven adults (five with MPHD and two with IGHD), and complete pituitary stalk absence (PSA) in nine children and two adults, all with MPHD.
Study design
The clinical protocol was approved by the appropriate review boards and written informed consent for all procedures was obtained from all subjects or from their legal guardians before enrolment.
All subjects underwent ghrelin testing on separate days at least one week apart from the other tests. Ghrelin (Europeptides, Argenteuil, France) was administered at a dose of 1 mg/kg body weight i.v. at time zero, and blood for GH determination was obtained at 0, 15, 30, 45, 60, 75, 90, 105 and 120 min.
Assay
Serum GH was assayed by chemiluminescent immunometric assay (Immulite 2000, Growth Hormone, Diagnostic Products Corporation, LA, USA). The sensitivity of the method was 0.01 ng/ml. The interand intra-assay coefficients of variation were 4.2-6.6 and 2.9-4.6% respectively at GH levels of 2.6 and 17 ng/ml respectively. The international standard was 98/574, 1 mg/lZ2.4 mUI/l. All samples from each individual subject were analyzed in the same assay.
Statistical analysis
Data are non-normally distributed (Shapiro-Wilk's test) and reported as median and interquartile (IQR; 25-758 percentile). The GH concentration-time curve was also expressed as median and IQR. Comparison between the two groups was performed using the Mann-Whitney U test. Correlations were analyzed with Spearman's rank correlation coefficient (r). P!0.05 was considered statistically significant. All tests were two-sided. Analyses were performed with Statistica for Windows software (StatSoft, Inc., 2003, Tulsa, OK, USA).
Results
Median GH response after ghrelin was similar between children and adults (Fig. 1) . Median peak GH response to ghrelin (7.45 mg/l, IQR: 3.9-11.3 mg/l) was significantly higher in patients with VPS (10.9 mg/l, IQR: 2.4-15.1 mg/l) than in those with PSA (IQR: 2.3-6.7 mg/l; PZ0.001). It was significantly higher in subjects with IGHD (12.5 mg/l, IQR: 10.8-15.5 mg/l) than in those with MPHD (5.15 mg/l, IQR: 2.4-9.0 mg/l; PZ0.003; Fig. 1 ). No correlation was found between the GH peak after ghrelin and BMI (Spearman's rZ0.013; PZ0.951). The GH concentration-time curves during ghrelin testing are shown in Fig. 2 . In particular, all patients showed a GH peak response to ghrelin within 30 min after ghrelin administration. 
Discussion
Administration of ghrelin markedly stimulates GH secretion in animals and humans (2-6). However, in conditions under which GH secretion increases, such as exercise (16), fasting (17) and insulin-induced hypoglycemia (18) , there is no parallel increase in serum ghrelin levels indicating that circulating gut-derived ghrelin is not a major regulator of pituitary GH release. Nonetheless, assessment of the effect of ghrelin in patients with GHD associated with congenital structural hypothalamicpituitary abnormalities and hypothalamic-pituitary disconnections could be helpful in elucidating the site and mechanism of action of ghrelin at the central nervous system level. In this vein, GHD patients represent a model for studying the GH effects of ghrelin in vivo. Besides, the recent identification of functional GHS receptor mutation in familial short stature discloses a potential new pathogenetic mechanism of the ghrelin-GHS-R system leading to growth failure in humans (7) . MRI has greatly improved the diagnosis of disorders of the hypothalamic-pituitary area allowing the identification of several abnormalities of the hypothalamicpituitary stalk in patients with GHD (19) . Use of this imaging technique after contrast medium administration in GHD patients has permitted the identification of residual vascular components of the pituitary stalk with significantly higher accuracy than with standard MRI (20) . Interestingly, a GH response to GHRH and to GHRH plus arginine has been demonstrated in the great majority of GHD patients with a residual vascular connection, as opposed to a lack of response in patients with absent pituitary stalk (21, 14) . In other words, the GH responses to GHRH and to GHRH plus arginine were negatively correlated with the degree of pituitary stalk impairment as assessed by MRI. Moreover, the GH response to hexarelin, a synthetic GHS, was also detectable in patients with a residual vascular stalk and absent in patients with non-identifiable pituitary stalk (8, 11) . Popovic et al. have also reported that both GHS analogs (9) or ghrelin (10) require the integrity of hypothalamic-pituitary connections to express their full GH-releasing activity. However, they studied adult patients with organic or surgical lesions, while we have studied children and young adults with GHD of childhood onset (mostly congenital). Furthermore, our patients were characterized on the basis of their degree of morpho-functional abnormality of the hypothalamicpituitary connections.
We have confirmed in the present study that the GH response to ghrelin requires the functional and anatomical integrity of hypothalamic-pituitary connections, but, in addition, we have demonstrated that the degree of the GH response to the releasing peptide might predict the degree of functional impairment of hypothalamic-pituitary connections. In fact, in both children and adults with VPS, ghrelin elicited a sizable GH response which was significantly higher than that observed in patients with PSA. These findings are similar to those observed in patients with congenital hypopituitarism after the administration of GHRH plus arginine or hexarelin (14, 11) . As expected, all patients with PSA had MPHD, while most patients with VPS had IGHD. As a result, the GH response to ghrelin was higher in patients with IGHD than in those with MPHD, as previously shown after the administration of hexarelin (11) . A significant GH response to ghrelin in adult patients with GHD has also been reported by Aimaretti et al. (22) . However, also in this study, the patients were not characterized on the basis of the morpho-functional anatomy of their hypothalamicpituitary structures. We are aware that the absence of pituitary stalk is associated with pituitary somatotrope hypoplasia, likely as the result of a defective GHRH stimulation. Nonetheless, testing with GHRH or GHRH plus arginine has shown various degrees of GH-releasing capabilities in these patients indicating the presence of functionally preserved somatotropes (14, 21) .
Ghrelin stimulates GH secretion in vitro and in vivo and its GH-releasing activity is mediated by the activation of the GHS receptor (23) . Consistent with its GH-releasing activity, expression of the GHS receptors has been shown in the hypothalamus and the pituitary (23) . However, the GH response to GHS in vivo is far more potent than that observed in vitro experiments (2-6). Abundant evidence indicates that ghrelin and the GHS require the presence of GHRH and its intact receptor to effect their full GH-releasing activity. In fact, the combined administration of GHS and GHRH stimulates a marked GH release which, depending on the dose, can be synergic or additive (2-6, 10). In the hypothalamus, ghrelin activates GHRH-containing neurons in the arcuate nucleus (24) . The GH response to GHS is absent in rats and humans lacking the GHRH receptor (24, 25) and is also markedly reduced in animals and humans after the administration of a GHRH antagonist (26, 27) . These observations, taken together with the finding that GHS and ghrelin necessitate the integrity of hypothalamic-pituitary connections (8) (9) (10) (11) , indicate that GHSs require GHRH to effect their full GH-releasing activity. Thus, the observation that the GH response to ghrelin is dependent on the degree of morpho-functional abnormalities of the hypothalamic-pituitary connection would strongly support the hypothesis that hypothalamic GHRH plays a pivotal role in the GH-releasing activity of GHS.
The potential clinical implications of our findings should not be overlooked. In fact, should these findings be confirmed in larger studies comparing morphofunctional findings and responses with different secretagogs, ghrelin may be a useful additional tool in the diagnostic assessment of patients with GHD. The diagnosis of GHD is established on clinical parameters and assessment of GH secretion, IGF-I concentrations and MRI of the hypothalamic-pituitary region. GH measurement after stimulation with ITT or GHRH plus arginine provides the best diagnostic accuracy (27) . Indeed, ITT is contraindicated in patients with CNS disorders and history of seizures and GHRH plus arginine can yield falsely normal responses in patients with either congenital or acquired hypothalamic-pituitary disorders (14) . In these conditions, the GHS, including growth hormonereleasing peptide-6, hexarelin and ghrelin, may represent a reliable alternative to the classical provocative tests, provided that appropriate cutoffs are available. The fact that the GH response to ghrelin or its analogs is strongly influenced by the degree of the anatomical and functional impairment of hypothalamic-pituitary connections may be of particular value in characterizing the functional neuroendocrine abnormality. Moreover, it is worth pointing out that ghrelin analogs are also effective after oral administration and that their GH-releasing effect is partially resistant to the negative feedback of IGF-I (2). Therefore, the potential advantages of treatment with GHS remain an interesting matter for future studies.
In conclusion, we have shown that the administration of ghrelin stimulates GH secretion in patients with congenital GHD. The GH response to ghrelin in patients with congenital hypopituitarism depends on the degree of the anatomical abnormalities and lends further support to the assumption that the main action of the peptide is exerted at the hypothalamic level and requires the integrity of hypothalamic-pituitary connections.
